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SECT ION 1

I NTROD U CTION

The helium isotopes 3He and 4He have properties which make them attractive

in a tIlR gyro appl ication. Very long polari zation times (up to 24 hours for

a cell with no electric di scharge) have been observed 1, 2, 3, with 3He. 4He

has been used successfully for a number of years in high sensitivity

magnetometers because of the large signal -to-noi se ratios available wi th - -

4He cells. This report desc ribes the results of an experimental investigation

into the properties of optica lly pumped.hel ium isotopes for MIR gyro applications.

The basis of operation for a NMR gyro us i ng hel ium isotopes may be

exhibited easily. The equation of motion of a collection of polarized 3He

atoms is 5

•0 •

+

4 ~~ l1 = - i~~M~~X H ;  (1.1)

¶ for 4He atoms the equation is

•6. +uri s - 
~~

- H X H- - 

~e e (1.2)

-~~ -, 3In equations (1.1) and (1.2) Mn and Me are the He nuclear polarization and
4He inetastable elect ron spin polari zatiun respectively. ~t is the magnetic fiel d

- • In the envirorinent of the atoms , and 7n and 7e are known atomic constants.

The sol utions to (1.1) and (1.2) are precessi onal motion of~~ at a ngular

frequency 7~H and precessslonal motion of Me at angular frequency V eH.

These frequencies may be measured in a magnetic resonance device by either

optical monitoring of light transmission or by use of magnetic pickup coils.

— —~~ - —
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If the device is rotated at rate there will be an apparent shift In the two

precession frequencies. This may be seen by rewriting (1.1) and (1.2) in a

rotating coordinate system ~:
+ + 4 + 4.

— yi,~ 
Mn X (H —

~~~~~~~~ 
) = - ; M,.~ X (1.3)

Yn

(1 Ye Me X
~~~~~~~~~~~ Ye

Me X H
~ 

(1.4)

where H~~~H - —  
. 

(1.5)

H~~= H -  ~~ (1.6)

H,~’ and H~~are effective magnetic fields which contain the rotation effect.

The measured precession frequencies for a rotating device are hence ‘YnH~ and

7eHe~ If we know H,~’ and H~’we may calculate the rotation rate

~ H~~- H ~ (1.7)
-

i- -i- .
• ~n ~

‘e
Equation (1.7) al lows us to fi nd the device rotation rate and describes the

basis 0f operation of the hel i um gyro.

H The purpose of the investigation reported here was to obtain experimental

information on optically pumped hel i um and radiation sources for optical

pumping that may be used to predict the performance of an ttlR gyro*. The

fi rst topic is polarization and relaxation of optically pumped 4He metastable

atoms. The results are presented In Section 2. The object was the accumul a-

tion of data (fractional polari zation levels, polari zation relaxation rates,

and optical signal levels) for a computer model of a hel i um NMR gyro. The

results of measurements of polarization levels and relaxation rates for 3He

are found in Section 3. The measurements will be used to

* A copy of the contract work statement is provided in the Appendix.
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-~ —— -~~~~ •~~~“ • 

-

advance the theory of 3He polarization behavior as well as provide input to a

computer gyro model. One possible Impl ementation of a hel i um NMR gyro woul d

employ a cell containing a mixture of 3He an d 4He gases. Experiments on such

a cel l were performed to demonstrate the validity of a theory which describes

the interaction of these Isotopes. The results appear in Section 4. In the

work described in Sections 2, 3 and 4 helIum l amps were used as radiation

sources for the polarIzation process and polarization monitori ng process.

Another radiation source which offers the potential of a large improvement in

device sensitivity is the semiconductor diode laser. The characteristics of

some low power experimental diode lasers are found in Section 5. An experiment

to demonstrate that semiconductor diode laser radiation may be used to monitor

polarized 4He atoms is described In Section 6. The final section of this - - I
report contains a summary of the conclusions of the experimental effort.

I
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Sect ion 2
4He Polari zation and Rel axation

A. Optical pumping process for 4He

A diag ram of an appartus for the optical pumping and magnetic reso-

nance of 4He is shown in Fig. 2.1. Light from a lamp is collimated

and passes through a circular polari zer into a cel l containing low

pressure 4He (approximately 1 Torr). The l amp is a glass tube of 4He

gas which is excited by a RF di scharge. The gas in the cel l is also

excited by a weak electric di scharge which produces a dilute sea of

atoms in the 23S metastable l evel . The energy l evel s of 4He important

in the opt ical pumping process are shown in Fig. 2.2. The wave lengths

of the radiation corresponding to the 23S1-23P0, 23S1-23P1, and

23S1 -2
3P2 transit ions are in the range 10829 to 10830 A. This radia-

tion from the lamp is absorbed by cel l atoms in the 23S level. The

magnetic field (of magnitude H0 and direction along the light beam)

spl its the 23S1 level into three magnetic sublevels. Left circularl y

polarized D0 l ight (corresponding to the 23S1-2
3P0 transition)

removes atoms from the m -1 sublevel only. Circularly polarized D1

and D2 radiation similarly tend to disturb the m l evel populat ions

from their equllibruim state of equal population. When the m = 1 popul a-

tion differs from the m = -1 population , the atoms are said to be polarized.

The spl itting of the 23S magnetic levels is proportional to the

magnetic fiel d intensity H0. If an oscillating magnetic fiel d is imposed

upon the cel l at the appropriate frequency, magnetic di pole transitions

occur between the magnetic states w h i c h  destroy the polarization (more

preci sely, the z component of the polari zation). One may also view the

• 
-~~- —
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effect of the oscillating magnetic fiel d as rotation of the polarization

direction from paral l el to perpendicul ar to H0.

One met hod of moni toring the pol arization l evel of the cell is to

measure the light transmitted through the cel l with a photodetecter.

When the metastable atoms are polarized along the l ight beam direction ,

the cell Is more transparent than it Is if the atoms are unpol arized.

By observing the oscillating magnetic fiel d frequency which corresponds

to the minimum photodetector signal one may identi fy the resonance

frequency. This re sonance frequency is proportional to the magnetic

field intensity H0 (2.8 MHz per gauss).

B. Experimental setup

A block diagram showi ng the el ements of the apparatus used in the

4He polarization and rel axation experiment is given in Fig. 2.3. The

basic configuration is that of a self-oscil l ating magnetometer. The

operation of thi s type of magnetometer depends upon the fact that the

cel l polarization is a vector quantity. Note that the apparatus light V 
-

beam is oriented 45° to t he magnetic field Ho. The light beam establ ishe s

a polarization of the atoms along the H0 direction. The action of the

osc fl lating magnetic fiel d from the H1 coil is to rotate this polarization

so that a component of the polarization is perpendicular to H0. This

pol arization component will precess at the Larmor frequency (l’eHO) . The

photodlode shown in Fig. 2.3 will monitor the precessing polarization

and yield an oscillating signal at the Larmor frequency, which may then

be ampl ifi ed, phase-shifted and directed back to the H1 coils.
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C. • Polarization measurements

The fractional polarization 
~e 

of a collection of 4He nieta-

stable atoms may be defined as: + +

~e ~~~~ ~ >‘ (2.1)

where is the total angular momentum operator and the brackets de-

note averaging over the 4He metastable atoms. Since J = 1 for

the 23S level the maximum magnitude of 
~e 

is unity.

One may determine the polarization by measuring the photodiode

signal level . The absorption cross section for 4He showing the O~

absorption line (corresponding to the 23S1-23P0 trans it ion ) , the D1
l ine (23S1-2

3P1), and the 02 l ine (23S1—23P2) is given in

Fig. 2.4 as function of optical frequency. The 4He lamp emission

spectrum in the limi t of no self absorption would have the same

shape. One can al so calcula te a monitori ng cross section which - 

-
~

describes the effectiveness of monochromatic radiation in determi n-

ing cel l polarization. Such a cross section (the dichroic monitor-

ing cross section) Is pl otted in Fig. 2.5 as a function of optical

frequency. Using the information in Figs. 2.4 and 2.5 one may

calculate SD which is defined by

1SIG 
= 

~e 
S0 t~ (2.2)

In equation (2.2) 1L is the photodlode current caused by the

Incident lamp radiation to the cel l (I.e. photodiode current with

cel l discharge out). 
~e 

Is the polarization component along the

light beam and ‘SIG is the part of the photodiode current which

depends on the cel l polarization. Typical ly 1SIG Is about 1%

of 1L• The quantity SD Is shown in FIg. 2.6 as a function of ~~~,

-— —
~~
—— -~~~~ 
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which Is the fraction of incident lamp l ight absorbed by the cell.

The quantity TL is a measure of the lamp self absorption. It

affects the lamp emission spectral shape. With a spectrometer r1
• was established to be approximately 2.5 for the experimental condi-

tions. -

In Fig. 2.7 the polarization is pl otted for three cells of

di ffering pressure. The abscissa is the cel l 23S metastabl e

density n4 which we employ as a measure of the cel l discharge

level. The metastable density is found by measuring the fractional

absorption ~ and using the plot of Fig. 2.8 to find the cel l

optical depth r0,  The n4 is given by 
V

( —3~ = V

L (cm) x 0.865 x 10 12 (2.3)

• where L is the length of the beam in the cell.

The I
~~Q used to calculate the polarization was the peak-to-

peak value of the sinusoidal signal and the polarization shown as

the ordinate of Fig 2.7 Is correspondingly defined. This polariza-

tion may be demonstrated by analysis to be one-hal f of the polariz-

ation established by the light beam in the absence of any magnetic

fiel ds (neither HO nor Hi).

The cells of FIg. 2.7 have dimensions 1 1/2” OD X 1 3/4” long.

The total l amp radiation passed through the cells was about 1.54 mW

(absorption not included). In FIg. 2.9 are pl otted the polarizations for

several 2” cells (2 1/16” OD X 2 1/16” long) and 6” cells (2 1/16” 00 X

6” long). The lamp radiation was 1.54 mW for the 2” cells and 1.24 mW

for the 6” cells.

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



D. - Rel axation measurements

In the apparatus block diagram of Fig. 2.3 a box labelled Al ’

appears . This box adds either zero or 5.9 degrees of phase shift

to the electronic ci rcuit. From the theory of self oscillating

magnetometer operation one may show that if we change the circuit

phase shift by an amount A l’  (in radians ) then the osc i l l a t ion

frequency changes by an amount A~ (radians/sec). The frequency change

i s rel ated to~~ l’ by

V (2.4)

H where h r  is the metastable polarization relaxation rate.

In practice the procedure to measure the relaxation rate in-

1 volves measurement of the self oscillation frequency (near 1.5

MHz), chang i ng the phase shift and measuring the oscillation fre-

quency again. In recording data the frequency of a reference

magnetometer is subtracted from the s&f oscillato r frequency.

This  is easily done with the Hewlett-Packard ccinputing counter

(Model 5360A). The use of a reference magnetometer is necessitat-

V ed by geomagnetic noi se , random fl uctuations of the earth’s field.

The relaxation rate of the 1 3/4” cells  is pl otted in Fig.

2.10 as a function of the cel l metastable density. The rel axation

results for the 2” and 6” cells are given in Fig. 2.11.

E. Effect of light intensity on rel axation rate

The pumping light itself tends to contribute to the relaxation

rate. The vari ation In rel axation rate as the pumpi ng light is reduced with 

~V V
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optical filters is presented in Fig. 2.12. By extrapolation to zero light

intensity we see that the light contribution is about 2 X ~~ sec
-1 for the

conditions stated.

F. Signal —to— noi se ratio and gyro drift

The signal-to—noise ratio (S/N)e is a useful measure of signa l

strength. A plot of (S/N)e (the RMS photo—diode signal divided by

the RMS noi se in a 1 Hz bandpass) for the 4He cells is given in

Fig. 2.13 as a function of the metastable density n4. The noise is

assumed to be shot noi se only and is cal culated from the DC photo

diode current. For typical situations the photo diode shot noise

dominates the ampl ifier noi se.

V Given the signal-to-noi se ratio and the relaxation rate one ; -

may determine with the followi ng expression the contribution to

random drift from the 4He cell:

= 
1n (t/ j~, f ) 

~ 
, (2.5) 

1 

-
e ( f l  2~fe r/S\

VYe
In this relation ae(4 )is the dri ft angle , i’~ is the 3He 11S0
gyromagnetic ratio , ~~ is the 4He 23S1 gyromagneti c ra ti o , t is the

gyro operation time (usually 1 hour), and Af is the bandwidth of

the noise in (S/N)e (A f = 1Hz). The quantity Ge( ~ ) in degrees

(after 1 hour of operation) for the various 4He cells vers us n4 i s

shown in Fig. 2.14.

_ 
_ _ _ _ _ _ _

_ _
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SECTION 3
3He POLARIZAT ION AND RELAXATION

A. Optical pumping process for 3He

Apparatus for the optical pumpi ng and magnetic resonance of 3He Is

s imi l a r  to that of FIg. 2.1, except now the cell contains 3He gas at low

pressure (0.2 to 10 Torr). The lamp may contain either 311e or 4He gas and is

excited by a RF di scharge. A weak RF discharge Is al so maintained in the 3He

cel l to maintain a population of~metastable atoms. The energy l evels of

3He which are important in the optical pumpi ng process are shown in Fig.

• 3.1. Circul arly polarized lamp radiation polarizes the two 3He 23S l evel s

in the same fashion as 4He metastables are polarized. By metastability

exchange col l isions angular momentum in the 23S level s is transferred to

the 11S0 ground l evel. This process may be written as

polarized unpolarized polarized
_  _  -~~~~~~~~~~~~~~~~~ -

3He (23S) + 3He (115) ) 3He (115) + 3He (23S). (3.1)

After the pol arization of the nuclei (i.e. the 11S0 l evel atoms)

has been established , one may perform magnetic resonance on the nuclei.

If an oscillating magnetic fiel d is applied at angular frequency YnHO,

then the z component of the nuclear polarization is destroyed. Because of

the coupling of the 1’S and 23S l evel s through exchange collisions , the

polar ization of the metastables is al so destroyed. This change In

polari zation may be observed optically by transmission monitori ng of the

pumpi ng r ad ia t ion .  If one directs a monitoring beam through the cell in

a direction perpendicular to the magnetic field a sinusoidal signal at

the nuclear precession fr equency will be observed.



B. Experimental setup

A bl ock diag ram of the 3He apparatus Is presented In FIg. 3.2. A

frequency synthesizer (Hewlett-Packard Model 3330B) delivers an oscil lating

voltage at the nuclear precession frequency (about 1725 Hz for thi s

experiment ) to the H1 coil • When the swi tch is engaged, the 3He nuclei

begin precessing, and an oscillating signal is observed at the photodiode.

1~ This sinusoidal signal is amplified and demodulated with a l ock—in

ampl ifier (PAR Model JB-5). The ?utpItt is then directed to a chart

t recorder (Brush Model 250).

The experimental procedure is to turn off the H1 drive for several

minutes before data taki ng. During this period the nuclear polarization

is buildi ng up al ong the magnetic fiel d direction. When the H1 coil is -~ 
1,

activated , the polarization is rotated from the H0 direction. The component

of the polarization perpendicular to H0 iimnediately begi ns precessing , and

the photodiode registers an oscil lating signal . This signal amplitude

gradually decrease s In time to an asymptotic val ue. A typical chart
V 

recorder trace is shown in  Fig. 3.3.

-; C. Polarization measur ements

It Is possible to rel ate the asymptotic signal l evel to the nuclear
V polarization. The polarization of the 3He ground l evel atoms may be

defined as -
‘n ~~~~~~~~~ (3.2)

where T Is the nuclear spi n angular momentum operator (which is identical

to the total angul ar momentum operator for the ~~ l evel ) and the brackets

denote averagi ng over the 3He atoms. Since I 1/2 the maximum magnitude

of P,~ Is unity.

-~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ V ~~~~ V
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The relation between the nuclear signal level and polarization Is

calculated In much the same fashion as for 4He. The calculation is somewhat

more compl ex In that account must be made of the Imperfect coupl ing

4 
- -

- between the precessing ground and metastable atoms. The nuclear polarization

results are pl otted in Figs. 3.4 and 3.5 as a function of the cell

F metastable density. This polarization is that which would be established

in the cell in the absence of any magnetic fields. The metastable density

was cal cul ated from the measured val ues of the transverse nuclear

rel axation time 12. Thi s calculation will be described bel ow. All of

the cells have the dimensions 1 1/2”.OD x 2 1/2” long except for one cell

• of dimensIons 1 1/2” OD x 5” long. 4He lamp pumpi ng radiation was employed

in the experiments of Fig. 3.4. Fig. 3.5 indicates the difference in

pumpi ng with  3He lamp radiation and 4He lamp radiation.

0. Rel axation measurements

The rel axation of polarized 3He atoms is described by two relaxation

times, Ti and 12. If the z direction is the magnetic field direction ,

then the relaxation terms of the equations of motion for the polarization

are ~~
Iz>

dt z ‘ relax~ T
— (3.3)

L<I~~dt ~ 
I relax

d <I > = (3.5)
~ ‘ relax T2

For 314e nuclei T1 Is typically 10 to 100 times longer than T2.

j 
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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describe the procedure used to obtain T~ and 12 from c a r t
recorder traces like Fig. 3.3. The quantities 1* and the ratio a/b shown

in FIg. 3.6 may be taken from the trace in a straightforward manner.
-~~ -4

From an analytical solution to the equations of motion of <I), one finds
* .that the apparent time constant I is related to T~ by 

—

(3 6) 
V

This expression allows us to calculate T~. The apparent time constant 1*

and the ratio a/b are functions of the oscillating magnetic field H1.

The transverse time constant 12 is found by using the relation

I
~
r
* 4r +y~~H~~T2. 

(3.7)

The field H1 may be determined from the current to the H1 coils. Since

the calcul ation of 12 i nvol ves Hj and T1, both of which are imperfectly
- i

known , the uncertainty In 12 by thi s method is of interest. A measur ement

of 12 by another technique yielded a val ue 0f 12 about 18% less than by

use of equation (3.7). This indicates the unt;ertainty l evel of the 12

measurement.

Pl ots of Tj versus 12 are presented in Figs. 3.7, 3.8 and 3.9. The

12 rel axation time Is proportional to the 
3He metastable density , n3 (see

FIg. 3.10), so 12 may be viewed as a measure of the cell di scharge l evel .

The values of metastable density for Figs. 3.4 and 3.5 were cal cul ated

from 12 using Fig. 3.10.

E. Effect of magnetic fiel d gradients

A gradient in the magnetic field enviromient of the 3He cel l will

reduce both T1 and 12. The decrease in T~ and T2 Is given by theory as

= + 

~ ~~~~ 
(3.8) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~

-

•~~~~~~~~~~~~~
-

~~~~~~• 
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V VV 

V

where I
~ 

and 12 are the rel axation time s wi thout a gradient.

The theoretical expression for Ti ~ 
is

= 
~~~~~~ 

~ 
3.l0)

T1L~H 2H0
A prel iminary expression for 12 based on a simplifi ed cel l geometry is

~H 2

~4 2 (~ A )
_ _  = 

f l Z  (3.11)
2iMl 72u

In equations (3.10) arid (3.11) u is the RMS speed of the atoms and may be

cal culated from the gas temperature (u = 0.908 x ip~ cm/sec for 300°K).

The quantity 0 represents a mean t ime between collision and is i nversely

proportional to pressure ( 
~ 

= 2.2 x 10~ sec for 1 Torr6). The length L
I

I is the cel l length along the direction oF maximum gradient.

The results of an exper iment In which a gradient fiel d from magnetic

fiel d coil s was appl i ed to a 3Ue cel l are exhibited in Fi g. 3.11. Al so

pl otted in Fig. 3.11 are the predictions of theory. The sensitivity of

12 to the choice of L in (3.11) is apparent. L = 4.24 cm is the projection

of the cel l ax i al length al ong the z axis (see Fig. 3.12). The choice of

1 4.77 an was made on the basis of best fit to the experimental data.

F. Signal -to-noi se ratio and drift

Pl ots of the RMS 3Ue signal from the photodiode divided by the RMS

— noi se in a 1 Hz bandpass are given in Fig. 3.13 and 3.14. The no i se

(assumed purely photodiode shot noise) was calculated from the DC

photodiode current. Given the signal -to-noi se ratio and the transverse

rel axation rate , one may determine the contribution to rand om drift from

an optically monitored 3He cell:

-
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(3.12)

The drift results are shown in FIg. 3.15. The l arge val ues of drift mean

that optical mon itoring of a 3He cel l Is a poor technique to use.
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A. Introduction

A gyroscope with  separate 3He and 4He cells woul d be very sensitive

to gradients of the magnetic fiel d within the shield. One approach to

all eviate this probl em is to pl ace both precessing species in the same

vol ume. With consideration of adequate 3He magnetic resonance signal

l evel and 4He magnetic resonance linewidt h, one f in d s tha t the 3He pressure

should be small (0.001 to 0.01 Torr) compared to the 4He pressure (about
1 l lorr).

The coupling of angular momentum of the 3He ground level atoms and

of the 4He metastable atoms is accomplished by collisions of the form

~~ arlzed po~~r ized
I 4He( 23S) + 3He (u S) 3He( 23S) + 4He(11S) (4.1)

polarized polari zed
-

- 3He( 23S) + 4He( 11S) 3He(11S) + 4He(23S) (4.2)

The detail s of the angular momentum transfer obtained from a theoretical 
—

cal cul ation are shown in Table 4.1.

B. Experimental setup

An experiment to verify processes (4.1) and (4.2) has been performed.

The elements of the apparatus are shown in schematic form in Fig. 4.1. A
— cel l of 1 Torr 4He and 0.01 Torr 3He was optically pumped in the H0

V direction (z axis) with circul arly polarized l ight from a 4He lamp.

Pbnltoring radiation from another 4He lamp was directed along the y axi s

through the cel l to a photodetector.

L 
~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_.  ~~~~~~ _ _V_~V -- ~~~~~~ ~V__ ~~~_ V~ 
•V~~~~

~~~~~~~~~~~~~~~~~~~~~~ V!~~~ ,cccV~t ~V 
I I.. I VV •~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~

When an oscil lating magnetic field near the 4He metastable resonance

frequency (1.49 MHz for this experiment) Is established , an oscil lating-

signal at the same frequency is observed from the photodetector, which

monitors the y component of the precessing metastabl e polarization. It

can be shown that the ampli tude of the transverse (precessing) polarization V

is pro portional to the component of the 4He metastable polarization In

V 
the z direction. If we now impose on the cel l an oscil lating magnetic

field near the nuclear resonance frequency, we expect a decrease In the

nuclear polarization along the z axi s and by process (4.1) and (4.2) a

similar decrease in the z metastable polarization. The decrease in the z
— component of the metastable polarization in turn will result in a decrease

in the y polarization and hence the observed signal amplitude (see Fig.

4.1). 
V

C. Experimental results

The effect discussed above did occur as predicted. Some pl ots of

the demodulated amplitude of the photodetector signal are sho wn in Fig.

4.2. The curve marked “metastable resonance” is a trace showing the

variation of the 1.49 MHz signal amplitude with a scanning magnetic field

I4~. Wi th Hj set on the metastable reso nance, the three l ower curves

marked “nuclear resonance ” indicate the variation in the 1.49 MHz signal

amplitude when the Hin field was frequency scanned through the nuclear

resonance (at 1725 Hz). Several curves corresponding to various Hin
magnitudes are shown. The frequency scan for the three nuclear resonance

curves was begun at slightl y different points on the x axis , hence the

apparent shift in resonance peak.

Pl ots of the peak fractional modulation of the nuclear resonance as

a function of Hin are presented in Fig. 4.3 for two val ues of Hie. The

V -

~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
- — ~~~~~~
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p.
diamonds and circles are experimental results; the solid curves correspond

to the theoretical model based on the processes of Tabl e 4.1. One

adjustable parameter, Tj’, was used in  cal cul ating the theoretical curves.

Tf represents the nuclear l ongitudinal rel axa tion time due to all

- relaxation mechanisms other than metastables. The val ue of T1
1which

best fits the data is only 2.3 seconds, a time which seems very short

when we look at the T1 curves of Figs. 3.7, 3.8 and 3.9 for pure 311e.

Reso l ut ion of this question will require further work.

FIg. 4.4 Is a plot of the nuclear linewldth in  magnetic units versus

Hin. Again there Is agreement between experimental points and theoretical V

curves.

One may state two conclusions from the results of the experiment on
I the 3He-4He m ixture cell: (1) simultaneous magnetic resonance of 3He

nuclei and 4He metastable atoms may be achieved In a 3He-4He gas mixture;

and (2) the observed magnetic resonance may be adequatey modeled with a
- theory based on the processes of Table 4.1. V
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SECTION 5

SEMICONDUCTOR D IODE LASERS

A. Reasons for Interest in semiconductor’ diode lasers

The optical pumping process for 4He has al ready been described ( see

Fig. 2.2). One problem associated with the optical polarization of 4He

atoms with lamp radiation Is illustrated In FIg. 5.1. D0 and Di radiation

(correspondi ng to the 23S1 - 2
3P0 and 2

3S1 - 2
3P1 transitions respectively)

tends to polarize the metastable atoms In one direction whil e 1)2 radiation

(the 23S1 - 2
3P2 transition) tends to polarize atoms in the opposite

* direction. The consequence of thi s opposition is a reduction in the

effectiveness of a hel ium di scharge lamp as a source of pumpi ng radiation.

A similar situation also applies in the optical monitoring process. D2

lamp radiation reduces the photodlode signal from what it would be with

DO and Dj radiation only.

Semiconductor diode lasers have characteristics which make t hem

attractive as repl acements for l amps. In its simplest form the diode

laser is a p-n junction wi th the semiconductor crystal heavily doped so

that the Fermi l evel is above the bandgap on the n side of the junction

and bel ow the bandgap on the p sIde. Wi th the application of a forward

bias voltage to the diode , electrons i njected on the n side of the junction

recombine with holes from the p side and give up their energy to the

radiation field Ins ide the cavity. The cavi ty Is formed by cutting the

crystal perpendicul ar to the junction plan and polishi ng the surface

(wh ich should be parallel).

V 

Diode lasers have been constructed which radiate considerable power

(about 150 mW)7 and are very monochromatic. Both power and nionochromaticity

—— — . V — ~~~~~~~~~~~~~~~~~~~~ 
• V ~~~~~~~~~~~~~~ V V_ ~~~~~ V~~~
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Peatures Imply a l arge potential sensitivity improvement in NMR gyro

performance. In Fig. 5.2 the cal culated sensitivi ty in magnetic units of

the 4He portion of a gyroscope is pl otted as a function of l aser radiant

power in miullwatts . The parameter relating the several curves in Fig.

5.2 is laser linewidth. The considerable sensitivity improvement which

may be realized by repl acing a l amp with a 10 mW, 0.07 A diode laser is

apparent.

B. Laser wavelength dependence on m6terial
• • The material s which are avail able for construction of diode lasers

• are the Ill—V combinations of In, Ga, Al—As , P and Sb. The combinations

may be binaries , tertiaries or quaternaries.

Fig. 5.3 gives the spectrum of an A1GaAsSb double heterojunction

laser grown on a GaAsSb substrate8. Note that the intensity peaks at

several wavelengths. The wavel ength region 0.995 to 1.000 microns Is

determined by the physical dimensions of the diode as well as the i njection

current amplitude and pul se nature. - -

In FIg. 5.4 the radiant output of a double heterojunction laser9 is

plotted as a function of current. In this laser the InGaAs p-n region

is sandwiched between two InGaP l ayers. Note that the laser peak

wavelength occurs at 1.064Mm , which Is onl y about 200 A away from the

4He absorption lines at 1.083 ~m.

The wavelength of the band of radiation emitted by the laser is

materi al dependent. Furthermore the material composition wil l determine

the wavelengths of the peaks within the band. If the peak is to occur at

the exact wavelength of one of the 4He absorption lines , one should be

able to fine-tune the composition of the material even though other means

V V - • V V ..: 
- 
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bf tuning the peak wavelength are avail able. This is so because non-

material tuni ng mechanisms may affect the radiant power adversely.

It is possible to choose the composition of the quaternary alloy

V 
T~1_xl3axPi_zA5z so that diode lasers made of such a material wil l

l ase at 1.0830 Mm(1.145 eV). Common practice is to grow thi s material

on an InP substrate. This produces an additional constraint on the alloy

composition in that the alloy un it cel l dimens ion must match the InP
V 

unit cel l dimension (5.86 9 A). Prom Fig. 5.510 we see that the bandgap

of 1.145 eV and lattice constant of 5.869 A require s x = 0.12 and z

0.27. The required material is then tn0~88Ga0~j2As0~27P0~73/In P.

C. Experimental setup

V The diode lasers used in the experimental work were supplied through

the courtesy of Profesor Nick Holonyak of the University of Illinois at

Urbana-Champaign. These lasers were designed to operate in a pul sed mode

at 77°K.

A block diagram showi ng the el ements of the apparatus is shown in

FIg. 5.6. The spectrometer was manufactured by Jarrel l -Ash (Model 82-

020) with a 0.5 meter focal length. The grating used has 1180 lines/rn.

The detector is a S— i photomultiplier tube. Both 40 and 10 pm slits

were used. The pul sed power suppl y was fabricated in- house and could

del iver 0 to 1.0 amperes with a pul se duration of 1 to 20 microseconds at

a pul se repitition rate of 100 to 1000 Hz.

Light from the diode laser was focused into the entrance slit of

the spectrometer. The dispersed li ght was detected by the S-i photomultipi ier.

The electrical output of the photomultiplier was detected by a PAR 220

l ock-In ampl ifier , which was synchronized with the signal from the diode

-~~~~~~~~~~ 
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V - V ~~~~~~~~~~~~~~~~~~~~~ -

F.,

l’aser power supply. The current peak , pul se duration and repetition rates

were measured on a Tektronix 454 oscIlloscope. A Keithly chart recorder

was used to record the out put signal from the lock—in ampl ifier.

The arrangement shown in Fig. 5.7 was used to vary the temperature

of the diode. The diode was mounted on a 10-18 header, which itsel f was

mounted on an insul ator type terminal bl ock. The header was held in

pl ace by a copper strip which served to transfer heat away from the

header. Thi s copper strip was sctewed to the Dewar. A heater coil was

wrapped around the copper col d transfer strip. This arrangement permitted

variation of the temperature of the TO-18 header and hence of the diode .

An Iron-Constantan thermocoupl e , clamped between the header and the col d

transfer strip, was used to measure the temperature.

V 

1). Laser spectral characteristics

The spectra of the emission from diode laser 0—2 is given In Fig.

5.8. The current of 0.24 amperes is near the threshold for laser

operation. One notes six peaks due to the different axi al modes. The

splitting of the peaks may be due to transverse modes. One further notes

that there is a peak at 10830.36 A, almost in coincidence wi th the 4He

absorption line at 10830.341 A. Only a smal l amount of tuning is required

to match the laser emission wavel ength with the absorption line.

The laser linewidth is an important quantity because of optical

pumpi ng considerations (see Fig. 5.2). A compar i son of one of the modes

of the D-2 diode laser and the 4He lamp emission spectrum is presented in

Fig. 5.9. It Is apparent that the two lines have a comparable width ,

which is probably the l imi t of the spectrometer resol ution.

V - -~~~~~~ 
—
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We next consider the effect of injection current on the laser

spectrum. A recorder trace is shown in Fig. 5.10 which corresponds to a

current of 0.8 amperes peak. At the repetition rate of 200 pul ses per

second and a pul se duration of 3 microseconds, the primary effect of the

current increase was to increase the output radiant energy by Increasing

the linewidth arid secondarily the height. The peak position does not

change. to any extent. These two effects are shown In Fig. 5.11 for one

V 
of the modes. The current pul se duration and amplitude change the peak

position such a smal l amount that it is not a good method for tuning the

• laser wavelength.

Increase in temperature decreases the bandgap of the semiconductor

and the band of emitted radiation shifts to longer wavelength. This

effect may be observed in Figs. 5.12, 5.13 and 5.14, which correspond to

three val ues of heater current. With no heater current the emission is

in the spectral band 10763.60 to 10797.75 A. A heater current of 0.5

amperes increases the temperat ure of the diode , and the emission shift s

to the region 10780.7 to 10808.4 A. Wi th 1.0 amperes of heater current ,
• 0

the diode emission has moved to the region 10789.2 to 10840.4 A, which

i ncl udes the helium absorption wavel ength of 10830 A.

V 
A second effect of temperature is the alteration of a given peak

withi n the band. W i t h  no heater current there is a peak at 10791 A. At

0.5 amperes of Vheater current , the temperatire ri se in the diode caused
V 

this peak to shift to 10793 A and the amplitude to decrease. At 1.0

ampere this peak has shi fted to 10796 A and the peak has further decreased
In value.
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Fig. 5.15 shows the shift in angstroms of a peak as a function of

temperat ure. Temperat ure change permits tuning of the laser peak

wavel ength over a considerable wavel ength region.

E. External cavity to semiconductor diode laser

One technique for augmenting one oscil l ation mode of the diode

laser and suppressing the other modes involves use of an external cavity.

An external cavity consisting of a diffraction grating and coupl ing optics

is shown In Fig. 5.16. The l ight from one side of the laser is made

parallel by the lens and is directed upon a 1180 lines/rn grating. The -;

wavelength of the reflected l ight depends upon the orientation of the

grating. The reflected light re-enters the diode and stimul ates it to

emit all the radiation at thi s one wavelength. The diode radiation at

the one wavelength is monitored with the spectrometer by col lecting the

radiation emitted from the other side of the diode laser.

The tests showed that the turnable external cavity permitted the

concentration of radiant power into essentially a single line , wh ich may

be chosen among the various modes. It did not allow selection of any

wavelength between two modes.

The results of a test with the external cavity are presented In

Fig. 5.17. The three peaks labelled #1, #2, and #3 on the l eft were

obtained with the grating bl ocked. The peaks on the right were recorded

with the cavity operating and the spectrometer scanning in the opposite

direction. The difference In the two #2 peak amplitudes represents a

factor of 33.

There was concern in the ex periment corresponding to Fig. 5.17 that

possibly some of the radiation reflected by the grating was entering the

- V~~~~VV2_ V • V V ~~~~ •~~~~• • ~~~
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V

~pectrometer directly. In order to el iminate this possibility a dove

pri sm was inserted between the Qewar and the spectrometer entrance slit.

The results of an experiment with dove pr i sm in pl ace (Fig. 5.18) show

that the gain in amplitude is a real effect.

F. Ab sorption of laser radiation

If  the diode laser is to be useful as a radiation source for NMR

pumping of hel i um , it must be tunable to the exact wavelength of a hel i um

absorption line. In the experiment to demonstrate absorption of laser

radiation , a hel i um ab sorption cel l was pl aced in the optical path between

the laser arid the spectrometer entrance slit. The spectrometer was set

at the wavelength of one of the absorption lines. The wavelength of the

laser emission was tuned , by increasing the diode temperature , through

the diode emission peaks. When the peak was passed the heater was turned

off  and the diode temperature was decreased until the emission again

passed through the peak (See Fig. 5.19). This step was done (a) with

the absorption cel l excited (so that absorption is possible) and (h )

with the cel l unexcited . The two peaks on the right correspo nd to the

cel l exci ted , and the two peak s on the left correspo nd to the cel l unexcited .

The large fraction of absorption is apparent .
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SECTION 6

OPT ICAL MON ITORING OF POLARIZED 4He ~ETASTAB LE ATOMS WITH

V SEMICONDUCTOR DIODE LASER RAD IATION

A. Objective of experiment

The interest In semiconductor diode laser derives from their possible

use as replacements for helium l amps in optically pumped helium magnetic

resonance device. An experiment has been designed to use a diode laser

as the radiation source for monitoring 4He metastable atoms which are

polarized by a helium lamp. The low duty cycl e (and hence low aver age

power) of the experimental lasers avail able and the fact that the laser

power is di stributed in several modes of different wavelength el iminated

the possib ility of bot h optical pumpi ng and optical monitoring with the V

laser. The objective of the experiment was to demonstrate that diode 
V

laser radiation can be successfully empl oyed to monitor 4He polarized

-
~~~ metastable atoms.

B. Experimental setup

A bl ock diagram of the laser monitoring experiment Is shown in Fig.
V 

6.1. The purpose of the 4He lamp Is to polarize the atoms of the cell

al ong the magnetic fiel d di rection I4~. If we gradually change the val ue

of H0, a photodiode pl aced beneath the cel l ( not shown in FIg. 6.1) wIl l

Ind icate a signal as in Fig. 6.2. The maximum dip occurs at the resonance

point H0 ~c~O/7e, wherew0 Is the frequency of the impo sed oscillating

magnetic field. The magnetic coil s producing the oscillating fiel d were

driven by an oscillator at 1.2 MHz. In order to produce an AC photodiode

signal H~j was modul ated at 90 Hz. The amplitude of the H0 oscil l ation

was chosen to maximize the 90 Hz photodlode signal (see Fig. 6.2).

~ 
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Note that in FIg. 6.1 a component of the cel l polarization along H(J

is visible to either a horizontal or vertical monitori ng beam of radiation.

The laser beam was directed horizontally through the cell for convenience.

The laser was pul sed at a 21.51 KHz rate with a duty cycl e of 1.05 percent.

The photodiode signal (consi sting of pul ses and the 90 Hz envel ope) was

directed to a l ock-in amplifier which extracted the 90 Hz signal .

i t
C. Experiment result

Several experimental problem s presented themsel ve s when the attempt

to fi nd the laser monitori ng was begun. One di fficulty i nvol ved the low

average radiant power available from the diode laser (about 0.03 n*I

compared to 1.5 mW for a lamp). The peak radiant power from the laser

was about 2.90 n*l, a respectable amount; however, the duty cycle is low

V (1.05 percent). In addition to the laser average power being small 
V

V compared to a lamp, only about 6% of the radiation was absorbed by the

cell (this may be compared to about 50% for l amp radiation). The low

absorption can be attributed to the presence of several laser oscil l ation 
V

modes. This low val ue of average laser radiant power absorbed by the

cell implied a low expected signal level . V

Another factor which adversely affected the antici pated signal l evel

was the magnetic enviromient in wh ich the experiment was perfo rmed. 3

Gradients In the magnetic field broadened the 4He magnetic resonance

linewidth by a factor of about four over its val ue in a gradient free

region. This factor of four reduction in signal level was accepted for

convenience reasons.

A chart recordi ng trace of the laser monitoring signal Is shown in

Fig. 6.3. Several features of the trace require some comment. In order

: V  V ~~~~~~~~~~~~~~~~~~~ - -
~~



~o demonstrate the presence of a signal the laser beam was periodically

blocked manually with a piece of cardboard. The times the laser beam was

unobstructed are indicated at the top of Fig. 6.3. The RC filter on the

output of the l ock-in ampl ifier was set to a time constant of 3 seconds.

- The laser monitori ng signal was easily visible whil e the laser bean was
V interrupted and the 1.2 MHz oscillating magnetic field was on (see Fig.

6.3). In order to check that the signal was Indeed due to magnetic

I resonance of the cell atoms , the 1.2 MHz oscillator was t urn ed off. As

I Is apparent In FIg. 6.3 the signal did vanish when the RF field was turned
4 off. The large transient sp i kes seen on t he recorder trace are due to

the step function change in photodiode current caused by interrupting the

laser light beam. Compared to the photodiode current modulation caused

by the polarized atoms the step function sIgnal is very l arge. Part of
ç~ 

V
ç

-

- 

-
~ this signal made its way through the l ock—in amplifier and showed up as a

spike.

One may draw several conclusions from the success in obtaining a

magnetic resonance signal with laser monitoring:

1. Even with a very low laser radiant power a signal Is obtained.

2. One can t une the laser with temperature control to match the

lase r emission wavel ength (of one made) with a hel i um absorption

line.
V 3. A sufficient fraction of the laser emission spectrum is In the

V 
hel ium absorption bandwidth to allow a signal .

V 

These concl usions are encouraging when viewed in the light of future

V semiconductor lasers whIch the literat ure suggests may be made continuous

and single mode. 
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SECTION 7

V 
SUI~!1ARY

The followi ng statements sumarize the results of the investigation.

I 
- 1. Polarization level s and rel axation rates for 4He have been found as

a function of cel l discharge level ,, cel l size and lamp radiation

power. (Section 2)

2. Polarization rates and longitudinal and transverse relaxation rates

for 3He have been found as functions of cell di scharge level and

magnetic fIeld gradient. (Section 3)

3. Simul taneous magnetic resonance of 3He and 41le in the same cel l has

V been accomplIshed. The 3He resonance amplitude and linewidth agree

with predictions of a theory which treats a system of coupled 3He

and 4He precessing species. (Section 4)

4. Measur ements of the characteristics of experimental semiconductor

diode lasers Indicate that the laser radiation may be tuned by

temperature control to coi ncide (in part) with a hel ium absorption
V line. The diode lasers may be forced to oscillate In essentially

one axial mad e by use of an external cavity. (Section 5) 
V

5. Optical monitoring of polarized 4He atoms with semiconductor diode

laser radiation has been accomplished in a 4He magnetic resonanc e

experiment. (Section 6)

The results of Sections 2 and 3 al low one to devel op mathematical

models of the polar ization and (in part) the rel axation processes

for 4He and 3He. Such model s will be useful In estimating helium gyro

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V V

VVV

~~~~V:~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



V 
~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 

performance. The importance of the simultaneous resonance of 3He

and 4He (Section 4) in a cell containing a 3He- 4He mixt ure derives

from the possible appi icatlon of thi s effect in a N~~ gyro. The

use of the semiconductor diode laser as an optical pumpi ng radiation

source is attract ive because of large potential sensitivi ty

Improvement. The results of Sections 4 and 5 for 1 ow power

experimental lasers are encouraginq- In that they demonstrate that

the lasers have characteristics such that they can be used to

monitor polari zed atoms in a magnetic resonance device .

I V
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AP PENDIX A V

WORK STATEMENT

0001 1. RESEARCH

The Co ntr actor shal l fur ni sh sc I enti fi c effort during the period

indicated In Paragraph l.a. of Section H, together with all related

- . services , fac i l i t ies, supplies and material s, needed to conduct the

followi ng research:

a. Experimental and theoretical studies to assess the feasibil ity

and potential of using optically pumped hel ium isotopes for NMR

gyro application, i ncl ud i ng :

1. Design, construction and testing of He3 and He4 magnetic

resonance measurement apparatus. - 

V

2. Measurements of polarization of He4 and He3 to establish

V 
polarization level s attained , at various cel l pressures and discharge

levels, when irradiated by He3 and He4 lamps.

3. Measurements of rel axation t ime of polarized He4 (23S)

atoms to determine collisional and radiation interaction effects.

4. DeterminatIon of the longitudinal and transverse

rel axation times of polarized He3 atoms for various cell discharge,

pressure and wall conditions, I nd udi ng the effect of a magnet I c

fiel d gr~Iient.

b. Investigation of the sui tability of semi-conductor lasers

for NP~ optical pumping: dependence of radiation spectrum on

Injection current , temperature and on application of an external

resonator.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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c. Exploration of techniques for tuning the laser wavel ength on
appropriate lines of He4 and He3 absorption spectrum; of techniques

t for monitoring the polarized hel ium atoms employing a lase r cross

bean with pumpi ng radiation elther from a lamp or laser.

• 
1. Research concerning NMR effect s which rel ate to gyro

operation, determination of operational trade offs, and parameters
1 of optimal conditions.

- 
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